This correlates well with the measured dependence of the normal state resistivity upon film thickness. We attribute this behavior to an increase in the BCS electron-phonon interaction potential resulting from a reduction in the electron mean-free-path as the film thickness is reduced. In the light of these data we discuss the applicability of FIB-deposited tungsten for devices requiring ultra-thin superconducting films, including photon detectors and phase-slip qubits.
I. INTRODUCTION

F
OR THE FUTURE of nanotechnology, the controlled growth and manipulation of materials at the nanoscale are very important, and in particular, site-specific direct assembly techniques for critical level nanoscale processing. Recently, the use of a focused ion beam to induce the deposition of materials from metal-organic precursors has emerged as an important technique for growing nanomaterials to form complex functional units in a single "writing" step [1] , [2] .
Highly disordered transition metals generally display a higher than their annealed ordered counterparts. Pure single-crystal bcc W has a very low ( 15 mK). Disordered or granular W films alloys show significant enhancements [3] . The superconductivity of FIB-deposited tungsten was first demonstrated by Sadki et al. [4] then by Luxmoore et al. [5] . Both groups reported a of 5.2 K for such material and qualitatively ascribe the comparatively high to the absence of long-range order in the material crystal structure. In our previous work, systematic experiments were carried out to quantitatively confirm that the enhanced in FIB-deposited tungsten is directly related to how close the deposited material lies to the metal-insulator transition (MIT). By varying the ion-beam deposition current, the proximity to the MIT can be controlled within a certain range. We also investigated the controlled growth and superconductivity of "flying" three-dimensional W-containing nanostructures [6] . The effect of ion dose on the growth and room temperature resistivity of FIB deposited tungsten composites has previously been studied [7] , [8] . However, up to now an investigation of the superconductivity of ultra-thin tungsten composite films grown by this method is still lacking. Here we report the flexible and controllable growth and temperature dependent electrical properties of tungsten composite thin films. In particular, the evolution of the growth morphology, growth rate and the thickness-dependent superconducting properties are presented. The possible applications of such materials include fabrication of superconducting single photon detectors (SSPD's) [9] and qubits based on quantum phase slip centers (QPSC's) [10] .
II. EXPERIMENTAL
A commercially available dual beam scanning electron microscope (SEM)/focused-ion-beam (FIB) system supplied by Carl Zeiss was used for tungsten composite deposition utilizing a beam of 30 keV singly charged ions. Before the tungsten deposition, gold contact patterns were formed onto the oxidized silicon substrates by conventional photolithography-based processes [6] . For site-specific tungsten deposition, gas was injected onto the sample surface through a nozzle, creating a local high pressure in the region scanned by the ion beam. The base pressure before introducing the precursor gas was and the pressure was in the range of during deposition. The four-terminal configurations were fabricated by the following steps: first, the tungsten strip under test was grown with a 20 pA ion-beam current scanned over a m m rectangular area; then 4 other thicker strips were deposited using identical deposition conditions to connect the strip of interest to the large Au pads. The ion beam is scanned rapidly in one direction and slowly in the perpendicular direction. Specifically the scan frequencies are 20,000 Hz and 0.02 Hz in the X and Y directions respectively, where the X direction lies along the length of the nanowire and the Y direction is transverse to it. Thus the whole area to be deposited is scanned in a time of 50 s; this we refer to as a single "loop scan". In order to retain a constant film thickness across the width of the deposited film we always deposit an integer number, , of loop scans, with total deposition time 50
seconds. At the deposition current of 20 pA the ion dose per loop scan is 0.05 m . The growth, scanning loop by scanning loop, was monitored by in-situ SEM imaging. The width of the strip was measured by SEM and the thicknesses were measured by a Dektak 8 Surface Profiler and by Atomic Force Microscope. The chemical composition analysis was performed by energy dispersive X-ray spectroscopy (EDS). Features used for EDS were grown with a nominal scan area of m m and are 1 m thick. Low-temperature transport properties were obtained using current-biased transport measurements. The sample was mounted on a "dip-stick", which was immersed in a liquid-helium storage dewar. The chip under test was first stuck to a copper chip-carrier by silver paste and dried in air, and then gold wire bonding was used to connect the gold contact pads on the chip to copper pads on the chip carrier. The chip carrier was mounted on a copper block at the end of the dip-stick probe. The temperature was measured by a Lakeshore Cernox resistance temperature sensor; this was attached to the copper block and connected to an Oxford Instruments Intelligent Temperature Controller. Transport measurements were performed with a home-made current source and voltage amplifier. All the data acquisition and analysis were controlled by a LabView-based platform.
III. RESULTS AND DISCUSSION
Focused-ion-beam induced tungsten deposition occurs when molecules are decomposed during ion beam exposure. W, C and a small amount of O are then absorbed to the substrate surface to form the nonvolatile deposits. The deposit also contains Ga from the ion source. Energy dispersive X-ray spectroscopy (EDS) analysis shows that the deposit grown using a 20 pA ion beam current has 53 at%, 34 at%, 11 at% and 2 at% of C, W, Ga and O respectively. Fig. 1 shows the evolution of the surface topography of tungsten deposits grown after various numbers of loop-scans. The corresponding images reveal that for , isolated nanoscale islands nucleate, scattered over the beam scanning , these islands elongate and merge to form networks. With , material deposited becomes contiguous though porous and with discernable uneven thickness distribution. For , the coalescence of the networks continues and increases the coverage of the area scanned by the beam. After exposure up to , the network structures merge to a continuous solely planar surface and further growth becomes homogeneous . Similar observation has been previously reported on the ion dose dependent growth of tungsten-containing materials by FIB [8] . High-resolution transmission electron microscope (HRTEM) measurements show that the tungsten-containing films grown by FIB do not display any long-range order [5] , [6] .
The dependence of the thickness on is shown in Fig. 2 . The growth rate actually is affected by many factors, such as substrate material, ion beam current density, beam scan strategy, the precursor molecule supply rate and substrate temperature during growth [2] , [3] , [6] - [8] . By changing under otherwise identical condition, homogeneous and linear growth with a rate of 3.2 nm per loop-scan has been observed for films grown with . A typical four-terminal configuration for a measurement of the temperature dependence of the resistivity is shown in Fig. 3 . Here the strip under test was deposited using . The distance between the two inner tungsten electrodes is 10 m, a distance large enough to ensure that there is no shorting across the sample when the four wiring connections are deposited. The image taken under a higher magnification of the selected area (white rectangle) reveals that after deposition of a thicker tungsten strip on top, the network structure is preserved. Fig. 4(a) shows the resistivity as a function of temperature for films grown with varying . For and 2, since physically the nanoscale islands are isolated and the networks are non-continuous, these samples are electrically insulating. For films grown with the normal state resistivity is very weakly temperature dependent, changing by less than 5% from room temperature to 7 K. This indicates that FIB deposited tungsten lies close to the metal-insulating transition [6] . Fig. 4(b) Fig. 3 . SEM image of a four-terminal configuration for a temperature dependent resistivity measurement with N = 3. The white rectangle is also shown at a higher magnification. shows a magnified view of the low-temperature region. All films with are superconducting with a exceeding 5 K. The dependence of the room-temperature resistivity upon the film thickness is shown in Fig. 5(a) . The resistivity of our samples initially decreases with increasing thickness before reaching a constant value of between 100 and 150 cm for films thicker than about 50 nm (see also [2] ). Qualitatively similar results have previously been reported in investigations of the ion-dose-correlated normal-state resistivity of FIB deposited tungsten by Takahashi et al. [7] . In the low ion-dose region (0.08-0.096 m ), the resistivity rapidly decreases with increasing ion dose; at higher doses m , it is constant. (In our experiments, however, the transition from the low-dose region to the high-dose region occurs around , i.e. at a dose of 0.4 m .) Takahashi et al. ascribed the higher resistivity at low ion-dose to an overestimate of the cross-section of the films. Apart from this, we believe another possible reason for this phenomenon is that for ultra-thin films, the electron mean free path against elastic scattering is mainly determined by the surface scattering. Thus by reducing the thickness of the ultra-thin films, the electron mean free path decreases below its bulk value, which in turn leads to an increase in resistivity. This model would suggest that the bulk (i.e. defect-limited) electron mean-free-path in FIB-deposited tungsten is around 50 nm.
The dependence of upon the film thickness for is shown in Fig. 5(b) . Here is defined as the temperature at which the resistivity falls to 50% of its value at the onset of the transition. The error bars in Fig. 5(b) correspond to the width of the measured resistive transition, defined by the temperatures at which the resistivity falls to 90% and 10% of its value above .
The trend for the thickness-dependence of is rather similar to that for the normal-state resistivity shown in Fig. 5(a) -decreases with increasing thickness up to about 50 nm. We therefore speculate that the enhanced in our thinnest films arises due to the reduced electron mean-free-path. Osofksy et al. [11] have previously demonstrated that, near the MIT, reducing the mean-free-path leads to an increase in the electron screening length which in turn leads to an increase in the BCS electronphonon interaction potential.
Our films have a large critical-current density of order of 1.0 cm at 4.2 K, indicating that the transport is not weaklink limited. The for the network structure deposited with is crudely estimated at 1.74 cm . This is somewhat larger than that for films with a flat surface; for example, for a film 190 nm in thickness, the is 1.1 cm . Considering that the cross-section of the network structure is likely to have been overestimated since we evaluated it neglecting the presence of the voids; the intrinsic of such a structure is probably somewhat larger still. This may suggest that the voids in the film are acting as vortex pinning sites.
IV. CONCLUSION
In conclusion, we are able to grow tungsten composites by focused-ion-beam induced deposition. Nanoscale islands, network-like structures, porous thin films and films with flat surface can be fabricated, which may offer great flexibility to grow nanoscale disordered materials systems to explore the interplay of superconductivity and morphology [12] . Deposits with contiguous structures all have technologically useful of above 5 K. Such materials are amorphous and films with very uniform surface can be achieved without grain boundaries. Also using this technique contacts can be made using the same material, avoiding out a number of experimental problems associated with interfaces [13] .
In terms of many applications, the key question is how thin a superconducting film can be made. In our work the thinnest films which show a superconducting transition are 25 nm thick. This is significantly larger than the coherence length of 5.9 nm for FIB-deposited tungsten as measured by Sadki et al. [4] . Further reductions in film thickness will therefore be required if FIB-deposited tungsten is to be used for superconducting singlephoton detectors [14] and/or devices utilizing quantum phaseslip centers [10] . Nevertheless, the nanoscale islands shown in Fig. 1 may be intrinsically superconducting, though the non-connectivity of the islands prevents us from performing transport measurements. Future experiments therefore include deposition at a lower ion-beam current so as to allow us to grow continuous films at very low ion-dose.
